The displacement of brine by CO 2 during CO 2 injection and migration, and the displacement of CO 2 by invading brine in the wake of migrating CO 2 depend on the interfacial tension of the CO 2 -brine system. An extensive laboratory program was conducted for the measurement of the interfacial tension (IFT) between CO 2 and water or brine covering the ranges of 2 to 27 MPa pressure, 36°C to 125°C temperature, and 0 to 334,000 mg/l water salinity. The laboratory experiments were conducted using the pendant drop method combined with the solution of the Laplace equation for capillarity for the profile of the brine drop in the CO 2 -rich environment. The analysis of the results reveals that: 1) for conditions of constant temperature and water salinity, IFT decreases steeply with increasing pressure in the range P<P c , and mildly for P>P c , with an asymptotic trend towards a constant value for high pressures; 2) for the same conditions of constant pressure and temperature, IFT increases with increasing water salinity, reflecting decreasing CO 2 solubility in brine as salinity increases; 3) IFT increases with increasing temperature for T>T c , with an asymptotic trend towards a constant value for high temperatures. These results indicate that, in the case of CO 2 storage in deep saline aquifers, trapping of CO 2 at irreducible saturation, storage efficiency and safety, and the evolution of the plume of injected CO 2 depend on the in-situ conditions of pressure, temperature and water salinity through the effects that these primary variables have on the IFT between CO 2 and aquifer brine. In addition, it was found that the IFT of CO 2 -brine systems correlates well with CO 2 solubility in brine, which also depends on the same primary variables of pressure, temperature and water salinity.
Introduction
The processes of injection, migration and storage of CO 2 in deep saline aquifers depend on the characteristics of brine displacement by CO 2 (drainage) during injection and at the front of a migrating CO 2 plume, and of CO 2 displacement by brine (imbibition) and residual gas trapping in the wake of the migrating plume. In these fluid-fluid displacement cases, the relevant characteristics are relative permeability, irreducible saturation and capillary pressure, which depend, among other factors, on the interfacial tension between the displaced and displacing fluids [1] , in this case CO 2 and formation water (brine). However, because CO 2 storage in geological media, and particularly in deep saline aquifers, is a recently emerging field, until very recently interest has been focused mostly on CO 2 -oil systems because of the potential use of CO 2 for enhanced oil recovery, and only limited sets of data were published regarding the interfacial tension (IFT) between CO 2 and water or brine, and no data on relative permeability of CO 2 -brine systems. Due to the absence of data in the public domain on the displacement characteristics of CO 2 -brine systems, the authors started in 2004 a laboratory program for the measurement of CO 2 -brine relative permeability and capillary pressure at in-situ conditions on rock core samples from sedimentary strata in the Alberta basin, Canada [2] . These experiments included IFT measurements, which is a prerequisite for measuring the displacement characteristics of CO 2 -brine systems. Noticing an emerging pattern in the distribution of IFT data as measured for the specific in-situ conditions of pressure, temperature and water salinity in central Alberta [3, 4] , the authors expanded the IFT-measurement program to cover systematically a range of water salinities characteristic of formation waters in the Alberta basin, and temperatures above the supercritical temperature (Tc=31.1 °C for CO 2 ) ( Table 1) . Measurements were made for each set of temperature and water salinity for pressures of 2, 4, 6, 8, 12, 17.4 and 27 MPa, for a total of 189 IFT measurements. Previous IFT measurements were performed mostly for CO 2 and pure (non saline) water systems for various pressures and temperatures in the ranges of 0.1 to 45 MPa and 0 to 110 °C, respectively [e.g., [5] [6] [7] [8] [9] . The IFT isotherms as a function of pressure are slightly convex in shape for T<T c and slightly concave for T>T c . The IFT decreases almost linearly with pressure in the low-pressure range (gaseous CO 2 ), but is largely independent of pressure at high pressure (liquid or supercritical CO 2 ), reaching an equilibrium value of approx. 20 mN/m. This decrease in IFT was attributed to increasing solubility of CO 2 in water with increasing pressure. Conversely, the increase in IFT as temperature increases was attributed to decreasing CO 2 solubility as temperature increases.
Regarding the effect of water salinity, some IFT measurements were performed for relatively low salinity waters (up to 20,000 mg/l) and no salinity effect was identified [7, 8] . However, Chalbaud et al. [9] report IFT measurements for CO 2 -brine systems in the pressure range of 4.5 to 25.5 MPa, for temperatures of 27°C, 71°C and 100°C, and NaCl concentrations between 0.085 and 2.56 mol/l, and conclude that the IFT for CO 2 -brine systems decreases with increasing pressure, and increases with increasing temperature and salinity, but that above a certain pressure IFT reaches a plateau that is independent of temperature and pressure. For pressures below the plateau limit, the authors conclude that the increase in IFT with increasing salinity is linear, with a slope that is constant for a large range of molal concentrations and that depends on temperature before the constant IFT value is reached.
The IFT measurements for CO 2 and water or brine systems reported here cover the range of temperatures and water salinity expected to be encountered during injection and storage of CO 2 at supercritical conditions (T>T c ) in deep saline aquifers ( Table 1 ). The range of pressures covers both subcritical and supercritical conditions (P>P c =7.38 MPa, and P>P c ) to allow comparison with previous IFT measurements and observed trends.
Experimental setting
The IFT measurements were conducted using the pendant-drop method [10] . Distilled water was used for the CO 2 -freshwater experiments. The brines were reconstructed in the laboratory based on specific formation water analyses from central Alberta, Canada. The CO 2 and water or brine were pre-contacted with each other at the measurement temperature and pressure in a piston cell and shaken until an equilibrium condition of saturation had been established between the two phases. The phases were then separated maintaining constant temperature and pressure, and the density of each phase was precisely measured using an Anton PAAR DMA 512 density meter, which Accurate density values are essential in the calculation of IFT using the drop pendant method and this density meter provides accurate phase density values to 0.0001 kg/m 3 at pressure of up to 45 MPa and temperature of up to 150 °C on single phase systems. Once the individual phase densities have been determined, the optical IFT cell was charged maintaining constant temperature and pressure systems with the gas phase. The equilibrium brine phase, also maintained at constant temperature and pressure conditions, was gently extruded through the needle in the drop pendant apparatus to form a pendant drop on the tip of the needle. The droplet of equilibrium brine, surrounded by the equilibrium gas, was then suspended at measurement temperature and pressure conditions from the tip of needle which extends into the optically visible portion of the sight cell until an equilibrium configuration is obtained for at least one hour. At this time a digital high magnification image of the configuration of this drop was obtained. The drop image, shown on a digital monitor, was digitally captured by a frame-grabber program and extracted in an electronic file. An optimization software package was used to match the surface curvature of the drop with the solution of the Laplace equation for capillarity for the solution of the IFT [11] . Figure 1 provides a schematic illustration of the apparatus used in the experimental measurements.
Results
The results are presented in tabular form in Appendix A and graphically in various forms in Figures 2 and 3 . The data display a pattern of decreasing IFT with increasing pressure along isotherms, with a steep decrease at the beginning followed by a very slow decrease for pressures generally greater than the critical pressure Pc (Figure 2) . A feature apparent from these IFT isotherms is the continuous shift upwards in IFT as salinity increases, and a relative flattening of the isotherms, with milder slopes for both low and high pressures. The data show clearly that, while each isotherm tends to level off, they remain distinct. The increase in IFT with increasing salinity, and the upward shift of the isotherms is best illustrated in Figures 3a to 3c . The data also show that IFT increases with increasing temperature, more strongly for low pressures and tending to level off for high pressures (Figures 3d to  3f ). The results clearly show a continuous and strong dependence of the IFT for CO 2 and pure water or brine systems on pressure, temperature and water salinity. This dependence is due to CO 2 solubility effects. As CO 2 solubility increases with increasing pressure and decreases with increasing temperature and water salinity, it affects the IFT, which directionally changes in opposite direction (i.e., decreases with decreasing pressure and increases with increasing temperature and water salinity). A literature model [12] was used to predict the CO 2 solubility in pure water and brine for the same conditions of pressure, temperature and water salinity as for the IFT measurements. The relationship between CO 2 solubility in water and brine and IFT for CO 2 and water or brine systems was expressed in a polynomial form through regression-fitting of the measured IFT data and calculated corresponding CO 2 solubility values (Figure 4 ).
Conclusions
The analysis of the extensive set of 189 IFT measurements for CO 2 and pure water or brine reveals that: 1. For conditions of constant temperature and water salinity, IFT decreases steeply with increasing pressure in the range P<P , and mildly for P>P , with an asymptotic trend towards a plateau value for high pressures. These results indicate that the displacement of formation water by the injected CO 2 during the injection (drainage) phase of CO 2 storage in deep saline aquifers, and the CO 2 displacement by invading brine during the CO 2 migration (imbibition) phase depend on the in-situ conditions of pressure, temperature and water salinity through the effects that these primary variables have on the IFT between CO 2 and aquifer brine, which in turn affects capillary pressure and relative permeability. 
